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Abstract	
	 This	paper	attempts	to	encourage	the	readers	to	see	the	need	for	sustainability	within	
the	developing	multi-hazard	reduction	practice.	The	natural	hazards	that	are	focused	on	include	
earthquakes,	tsunamis,	hurricanes,	and	tornadoes.	The	standard	design	and	construction	
methods	that	are	currently	being	used	are	contributing	largely	to	the	total	greenhouse	gas	
emissions	throughout	the	world.	To	regulate	any	research	for	a	more	sustainable	hazard	design,	
there	needs	to	be	set	quantitative	criteria	that	defines	what	a	sustainable	building	is.	The	main	
reason	there	has	not	been	much	progress	with	a	sustainable	multi-hazard	reduction	design,	is	
because	there	is	no	incentive	to	do	so.	People	all	know	that	there	are	issues	with	global	
warming	and	the	sea	level	rising,	but	no	one	who	is	qualified	to	make	these	changes	within	
multi-hazard	reduction	practice	is	doing	so.	There	needs	to	be	a	greater	demand	for	a	more	
sustainable	design	so	that	changes	to	better	protect	the	environment	can	occur.	This	paper	
covers	the	importance	of	sustainability	within	hazard	reduction,	and	proposes	future	research	
opportunities	to	further	this	practice.	
Introduction	
All	buildings	have	an	impact	on	the	environment	from	the	start	of	construction	to	the	
end	of	the	demolition.	The	level	of	sustainability	a	building	has	will	help	reduce	that	impact.	
There	are	many	codes	in	place	for	a	sustainable	building	as	a	whole;	Leadership	in	Energy	and	
Environmental	Design	(LEED)	for	example.	LEED	focuses	on	using	the	least	amount	of	resources,	
keeping	waste	and	negative	environmental	impacts	to	a	minimum,	and	decreasing	the	life-cycle	
costs,	all	while	maximizing	occupant	health	and	productivity.	(USGBC)	When	looking	at	the	
structure	and	structural	aspects	apart	from	the	building	as	a	whole,	there	are	no	specific	codes	
in	place	in	regards	to	sustainability.	This	leads	to	what	the	focus	of	this	creative	component	is.	
Since	the	focus	is	on	sustainability	in	developing	multi-hazard	reduction	practice,	there	is	no	
quantitative	information;	all	qualitative,	so	just	ideas	attributed	to	the	big	picture.	The	big	
picture	includes	sustainability	within	structures	that	are	designed	for	natural	disasters;	such	as	
earthquakes,	tsunamis,	and	extreme	winds.	Are	these	designed	only	for	the	purpose	of	
providing	safety	to	the	human	race?	It	is	important	to	assess	the	codes	and	policies	that	are	in	
place	already,	and	seeing	if	they	could	be	updated	to	be	more	sustainable.	There	must	be	some	
ways	to	make	these	areas	of	design	more	sustainable	to	the	environment,	as	well	as	creating	
some	sort	of	criteria	as	to	define	what	makes	a	hazard-resistant	building	sustainable.	If	
sustainability	was	considered	to	be	a	design	requirement,	then	there	would	be	less	of	an	impact	
on	the	planet	from	buildings,	and	the	world	would	be	better	prepared	for	future	generations.	
	 Seismic	design	in	structures	is	well	known	throughout	building	codes.	There	are	certain	
checks	that	are	required,	and	some	that	are	not.	The	majority	of	the	code	is	in	place	to	make	
sure	structures	do	not	collapse	when	there	is	an	earthquake,	or	at	least	will	produce	the	
smallest	amount	of	damage	as	well	as	protect	human	life.	The	problem	is	that	sustainability	is	
not	the	main	factor	when	looking	at	seismic	design.	Sustainability	actually	isn’t	a	factor	at	all.	
There	are	specific	codes	and	policies	in	place	that	require	a	minimum	design	that	is	the	most	
cost	effective	for	the	owner.	This	may	not	be	the	most	sustainable	design.	Looking	at	the	life-
cycle	analysis	(LCA)	of	structures	using	a	variety	of	materials,	methods	of	construction,	and	
methods	of	demolition,	a	realistic	estimation	of	emissions	produced	throughout	the	life	cycle	of	
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a	building	can	be	known.	The	goal	is	for	there	to	be	a	requirement,	or	a	limit	of	emissions	
produced	for	a	building.	This	makes	the	research	of	the	LCA	of	multiple	styles	of	structures	very	
important	to	see	how	sustainability	can	improve	in	the	future.		
	 Tsunamis	can	result	from	earthquakes	happening	near	or	under	the	ocean,	and	can	lead	
to	very	large	waves	of	water	approaching	at	very	fast	speeds.	There	are	not	any	codes	in	place	
for	this	type	of	natural	disaster,	but	there	are	strategic	designs	to	aid	in	the	strength	of	a	
structure	when	storms	like	this	hit.	Things	like	the	materials	that	are	used,	the	configuration	of	
the	building,	the	tsunami-specific	features,	and	the	quality	of	construction	all	play	a	large	role	
as	to	how	a	building	will	react	when	a	tsunami	arrives.	The	way	these	things	are	done,	whether	
that	be	competent	engineering,	quality	assurance,	etc.,	the	higher	chance	there	could	be	a	loss	
of	money,	and	a	greater	amount	of	emissions	can	be	released	into	the	environment.	The	
problem	is	that	because	there	aren’t	any	specific	building	codes	that	are	required,	it	could	make	
it	more	difficult	to	incorporate	sustainable	requirements	as	well.	As	of	right	now,	not	a	lot	of	
research	is	going	into	a	more	sustainable	design	for	buildings	in	a	tsunami-risk	area.	Tsunami’s	
themselves	do	not	occur	that	often,	so	the	demand	for	a	better	design	is	not	very	high.	The	goal	
for	the	future	is	similar	to	seismic	design;	to	have	a	required	limit	of	emissions	that	can	be	
produced	during	the	life	cycle	of	a	building.	
	 Hurricanes	and	tornadoes	are	both	products	of	extreme	winds.	These	strong	winds	can	
amount	to	incredible	damage.	The	ASCE	7	code	has	been	revised	many	times	in	an	attempt	to	
reduce	the	damage	from	these	extreme	winds.	ASCE	7	added	a	Risk	Category	IV,	labeled	as	a	
wind-borne	debris	region,	which	is	separated	from	Risk	Category	III,	and	has	an	increased	wind	
speed	to	design	for.	This	is	just	one	of	the	many	things	that	has	been	updated	regarding	wind	
loads.	There	has	been	a	lot	of	research	done	based	on	wind	loads	in	general,	but	when	looking	
at	research	done	for	these	extreme	wind	cases,	there	isn’t	much	there.		The	problem	is	that	
because	of	the	constant	need	to	rebuild	after	a	hurricane	or	a	tornado	occurs,	a	lot	of	emissions	
are	produced,	and	this	can	be	reduced.	If	the	longevity	of	a	building	is	increased,	as	well	as	
using	more	sustainable	methods	with	the	materials	used,	construction	methods,	demolition	
methods,	etc.,	then	the	amount	of	emissions	could	be	reduced.		
	 Multi-hazard	is	when	there	is	a	risk	for	more	than	one	hazard	in	a	certain	area.	It	is	very	
common	to	see	at	least	one	of	the	three	primary	natural	hazards	--	earthquakes,	floods,	or	high	
winds	--	throughout	the	United	States.	It	is	common	to	see	areas	that	are	at	risk	to	more	than	
just	one	of	these,	and	that	is	why	multi-hazard	design	is	crucial.	There	are	still	many	difficulties	
when	designing	for	multi-hazards,	and	this	is	why	the	design	is	unclear.	The	more	that	is	known	
about	the	topic	of	multi-hazard	design,	the	better	the	designs	will	be,	and	then	the	more	
sustainable	they	will	be	in	the	long	run.	This	is	why	more	research	needs	to	be	done	so	that	
there	can	be	a	better	understanding	of	the	effects	and	advantages	of	multi-hazard	design.	A	
protection	method	in	the	design	of	one	hazard	may	help	or	conflict	in	the	design	of	another	
hazard.	This	complicates	the	design	immensely.	Similar	to	the	other	hazards,	the	materials	
used,	construction	methods,	demolition	methods,	etc.,	can	all	play	a	role	in	how	sustainable	a	
building	can	be	due	to	the	emissions	released	throughout	the	total	life-cycle.	
	 By	the	end	of	this	paper,	not	only	will	sustainability	within	a	structure	be	clearer,	but	
sustainability	within	a	structure	enduring	earthquakes,	tsunamis,	extreme	winds,	or	all	of	the	
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above	will	also	be	clearer.	Sustainability	in	hazard	reduction	design	is	imperative	to	the	future	
of	the	earth.	Currently,	there	are	no	specific	design	requirements	or	criteria	set	to	have	a	
building	be	labeled	as	“sustainable”.	Hopefully	more	people	will	see	the	need	for	a	more	
sustainable	design,	and	will	start	making	changes.	Because	there	is	no	incentive	for	a	more	
sustainable	hazard	building	design,	there	is	a	lack	of	interest	to	see	changes	occur.	If	there	was	
a	higher	demand	for	a	more	sustainable	design,	then	maybe	certain	incentives	could	generate	
these	changes	to	actually	happen	in	the	future.	
	
What	is	Sustainability?	
In	general,	the	definition	of	sustainability	is	the	desire	to	execute	activities	without	
there	being	any	depletion	of	resources	or	negative	effect	on	people	or	the	planet.	(Mishra,	
2019?)	According	to	Gopal	Mishra,	founder	of	The	Constructor,	there	are	six	important	criteria	
that	need	to	be	satisfied	to	increase	the	level	of	sustainability.	The	first	criterion	is	biodiversity	
enhancement.	This	is	reducing	the	threat	on	species	and	their	natural	habitat	to	as	little	as	
possible.	Next,	the	support	of	the	community.	Make	sure	that	those	being	impacted	will	be	able	
to	have	a	say	in	the	key	decisions.	The	third	criterion	is	the	effective	use	of	resources,	followed	
by	pollution	reduction.	The	next	criterion	is	creating	a	healthy	environment,	not	only	for	the	
workers	during	construction,	but	also	for	occupants	and	others	that	are	surrounding	the	
building	after	construction	is	complete.	Lastly,	process	management.	Depending	on	certain	
projects,	some	management	will	not	even	try	for	sustainable	construction.	This	is	why	the	
proper	management	in	each	project	is	important	so	the	sustainable	options	are	always	
considered.	To	expand	on	the	third	criteria,	the	effective	use	of	materials	should	be	included.	
This	does	not	always	mean	using	the	least	amount	of	materials.	If	a	building	is	being	designed	
for	longevity,	then	there	will	be	more	material	that	is	used	because	of	the	extra	reinforcement.	
That	way	the	building	will	stand	for	a	longer	amount	of	time,	reducing	the	need	for	
construction	and	demolition.	
When	the	word	“sustainability”	is	introduced,	the	Architect	is	the	main	leader	in	utilizing	
this	throughout	the	building.	This	can	be	done	in	many	ways	through	the	floor	plan,	the	amount	
of	windows	for	natural	lighting,	green	roofs,	and	so	many	other	non-structural	components.	A	
structural	engineer	follows	the	correct	building	code,	and	that	is	that.	What	if	there	was	a	way	
structural	engineers	can	design	to	be	more	sustainable	within	hazard	reduction?	What	would	
this	look	like?	The	LEED	Handbook	could	always	be	updated	so	more	credits	are	required	for	
the	structure	to	receive	certain	certification.	Another	idea	could	be	to	have	a	total	separate	
award	for	a	sustainable	structure,	or	just	making	a	required	limit	of	emissions	that	can	be	
released	throughout	a	building's	life	cycle.	A	huge	factor	in	a	structure	being	sustainable	is	the	
design	life.	If	a	structure	is	designed	to	be	standing	for	1,000	years,	then	there	would	be	no	
teardown	emissions,	and	this	would	be	better	for	the	environment	in	the	long	run.	The	problem	
is,	structural	engineers	follow	the	minimum	requirements	stated	in	the	building	codes	needed.	
There	is	no	engineer	that	wants	to	do	any	“extra	work”	that	would	actually	cost	the	owner	
more	money.	But	if	there	could	be	a	more	sustainable	outcome,	how	can	this	be	made	more	
appealing	to	structural	engineers	as	well	as	owners?	
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Throughout	the	United	States,	energy	consumption	that	is	directly	or	indirectly	related	
to	the	construction	of	buildings	is	about	54%,	which	primarily	occurs	from	commercial	and	
office	buildings.	(Gugemos	and	Horvath,	2005)	Although	a	building	can	be	made	
environmentally	friendly	and	energy-efficient	with	the	design,	there	are	other	ways	it	gives	off	
emissions.	This	could	be	from	the	materials	that	are	used,	construction	methods,	demolition	
methods,	etc.	The	best	way	to	look	at	the	overall	environmental	impact	of	a	building	is	to	look	
at	the	life-cycle	analysis	(LCA).	This	will	help	with	the	choice	of	materials,	what	to	do	for	the	
temporary	structures	along	with	the	construction	methods,	and	also	the	equipment	that	will	be	
used	throughout	the	whole	process.	When	designers	and	contractors	know	where	a	major	
amount	of	environmental	emissions	come	from,	then	they	are	able	to	improve	their	efforts	and	
methods	in	those	areas.	It	is	important	to	conduct	research	on	LCA	of	all	sorts	of	different	
building	frame	structures	with	different	materials	so	that	the	assumption	of	environmental	
emissions	is	not	distorted	and	is	realistic	for	each	project.	(Gugemos,	2005)	
As	to	why	sustainability	is	important,	each	and	every	day,	more	and	more	emissions	are	
released	because	of	humans.	The	human	race	is	slowly	killing	the	environment	with	every	
advance	that	they	make.	A	lot	of	humans	have	only	been	consumers	of	environmental	
resources	rather	than	replenishing	them.	If	there	were	a	way	to	help	reduce	the	speed	at	which	
the	environment	was	affected,	wouldn’t	it	make	sense	to	utilize	it?	Employing	a	more	
sustainable	design	for	structures	will	help	lower	the	environmental	footprint	it	leaves.	When	a	
community	becomes	more	developed	and	grows	at	a	rapid	speed,	there	may	be	some	harsh	
environmental	repercussions	from	all	of	the	construction,	and	the	methods	they	use.	In	today's	
world,	more	and	more	owners	are	inclined	to	be	greener	throughout	the	process	of	their	new	
buildings	because	of	the	awareness	of	how	harmful	a	certain	design	or	construction	can	be	on	
the	environment.	It	is	a	good	thing	that	more	people	are	choosing	to	be	greener,	but	many	
others	are	sticking	with	the	old	ways	because	they	know	it	works,	and	it	costs	less	for	them.	
Although,	most	sustainable	designs	help	save	money	in	the	long	run,	but	there	is	still	that	
uncertainty	if	it	actually	will.		To	minimize	waste,	conserve	energy,	and	potentially	save	money,	
sustainable	practices	need	to	be	integrated	into	every	construction	project	in	the	future.		
The	main	issue	at	hand	is	making	a	structure	more	sustainable,	in	addition	to	the	
building	being	sustainable	regarding	hazard	reduction.	Since	there	is	no	code	enforcing	such	
things,	a	structural	engineer	has	free	reign	to	do	whatever	they	see	fit	for	the	project,	which	is	
most	likely	going	to	be	the	most	appropriate	economically.	Is	there	a	way	that	the	code	could	
be	refurbished	to	invoke	more	sustainable	options	throughout	the	design?	Since	sustainability	
is	very	qualitative,	it’s	hard	to	research	what	makes	something	sustainable.	A	set	list	of	criteria	
that	names	every	quantitative	value	that	reaches	the	level	of	sustainability	needs	to	be	created	
so	that	more	research	can	be	done,	and	advances	can	be	made.	Emissions	from	buildings	alone	
contribute	a	large	percentage	of	the	total	emissions	throughout	the	world,	so	each	and	every	
small	change	that	is	made	throughout	the	process	could	lead	to	a	much	larger	one	to	better	the	
community.	Throughout	the	rest	of	the	paper,	the	way	design	is	like	now,	and	what	needs	to	be	
done	for	a	more	sustainable	future	is	explained	further.	
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Earthquakes	
According	to	USGS,	an	estimated	500,000	earthquakes	can	be	detected	throughout	the	
world	each	year,	where	only	about	100,000	can	be	felt	and	100	actually	cause	damage.	(USGS)	
There	may	be	only	one	or	two	magnitude	7	earthquakes	a	year,	while	a	magnitude	8	or	larger	
earthquake	may	occur	only	once	about	every	ten	years.	(AISC,	2009)	An	earthquake	can	emerge	
from	anywhere,	but	most	form	along	faults.	Faults	can	either	be	labeled	as	active	or	inactive.	
They	are	mainly	located	along	tectonic	plates	where	rapid	and	severe	movement	can	be	caused	
by	high	stress.	Lateral	horizontal	displacement	along	a	fault	would	be	labeled	as	a	strike	slip	
fault,	while	vertical	slip	along	a	fault	would	be	classified	as	a	normal	fault.	A	subduction	zone	is	
where	one	tectonic	plate	is	forced	under	another	tectonic	plate.	Some	of	the	world’s	largest	
earthquakes	took	place	at	subduction	zones.	This	is	also	a	place	that	results	in	volcanic	activity.	
Earthquakes	frequently	occur	at	plate	boundaries,	causing	extensive	buildup	of	stresses,	
leading	the	nearby	earth’s	crust	to	be	highly	fractured	and	weak,	producing	many	active	faults.	
Structures	can	be	torn	apart	if	there	are	permanent	ground	deformations	from	fault	
rupture,	land	sliding,	liquefaction,	or	lateral	spreading.	There	are	some	techniques	to	better	
resist	these	factors,	but	not	fully.	Considering	soil	liquefaction,	pile	footings	are	great	for	
extending	beneath	where	this	may	occur,	resulting	in	lesser	damage	than	using	a	typical	
footing.	Moderate	ground	deformation	may	occur	from	fault	rupture	or	lateral	spreading,	so	
the	use	of	heavily	reinforced	mats	can	help.	However,	the	ground	shaking	causes	the	majority	
of	damage	to	buildings	from	earthquakes.	All	buildings	have	mass,	or	inertia,	which	will	cause	
the	building	to	have	flexibility	and	lag	behind	when	the	ground	moves.	The	relative	
displacements	caused	by	the	shaking	produce	extra	forces	that	will	further	the	damage	of	the	
building.	Damping	a	structure	will	help	reduce	the	period	(the	time,	in	seconds,	it	takes	to	go	
one	complete	cycle	of	free	vibration)	of	the	shaking	on	a	structure,	therefore	reducing	the	
relative	displacement,	which	then	reduces	the	overall	damage	to	the	structure.	(AISC,	2009)	
Each	structure	will	respond	differently	to	an	earthquake	due	to	the	unique	natural	
modes	of	vibration.	These	natural	modes	are	functions	of	the	structures	mass	and	stiffness	
distribution;	an	example	is	shown	in	Figure	1.	One	structure	may	respond	in	the	first	mode,	
while	another	may	act	in	say	the	third	mode	for	example.	Every	structure	is	different,	therefore	
it	will	respond	differently.	As	an	earthquake	damages	a	structure,	the	stiffness	of	the	building	
decreases,	which	then	changes	the	modal	properties.	During	an	earthquake,	structural	
elements	will	get	damaged,	thus	making	the	structure	both	weaker	and	more	flexible,	leading	
to	very	large	lateral	deformations.	If	this	happens,	the	structure	can	form	P-Δ	instability	and	
lead	to	collapse.	The	P-Δ	effect	is	a	second-order	effect	because	it	depends	on	the	initial	
deflections.	This	then	adds	to	the	final	maximum	bending	moment	a	member	may	experience.	
When	gravity	load-bearing	elements,	beams	and	columns,	are	no	longer	able	to	support	the	
weight	of	the	structure	due	to	severe	damage,	local	collapse	may	occur.	Other	nonstructural	
elements	could	also	be	damaged	during	an	earthquake.		
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Figure	1:	Representative	modal	shapes	for	a	structure	with	three	degrees	of	freedom	
When	looking	at	how	to	design	a	structure	based	on	the	seismic	loading,	there	are	many	
building	codes	that	are	used.	Some	of	the	main	ones	are	IBC	(International	Building	Code),	ASCE	
7	(Minimum	Design	Loads	for	Buildings	and	Other	Structures),	ACI	318	(Building	Code	
Requirements	or	Structural	Concrete),	and	AISC	341	(Seismic	Provisions	for	Structural	Steel	
Buildings).	These	codes	all	had	to	start	somewhere,	and	they	all	took	time	to	become	a	
requirement	in	building	design.	For	seismic	design,	codes	are	constantly	being	added	or	fixed	
because	of	the	extensive	research	and	data	that	has	been	received	over	many	years.	
According	to	Peter	J.	May’s	article,	“Addressing	Public	Risks:	Federal	Earthquake	Policy	
Design,”	there	are	two	forms	of	public	risks.	The	first	being	those	that	have	a	high-probability	
and	low-consequence,	meaning	that	the	exposure	to	the	population	is	large,	while	the	harm	to	
individuals	is	relatively	minor.		Because	of	the	minor	harm	to	individuals,	there	is	a	smaller	
incentive	to	address	such	issues.	The	other	risk	has	a	low-probability	and	high-consequence.	
This	is	where	the	catastrophic	natural	disasters	would	rank.	If	there	is	a	low	response	to	public	
risks,	then	there	is	more	of	a	challenge	to	create	and	update	policies	regarding	them.	The	
federal	government	can	establish	goals	and	programs	to	reach	the	risk	reduction	wanted,	but	
these	can’t	be	implemented	unless	the	state	and	local	governments	see	them	fit	to	enforce	into	
building	codes	and	policies.	So	if	no	one	feels	the	need	to	improve	the	design	methods,	then	it	
won’t	happen.	The	National	Earthquake	Hazards	Reduction	Program	(NEHRP),	founded	in	1977,	
helped	create	opportunities	for	earthquake	prediction	research,	hazards	identification,	
engineering	research,	and	risk	reduction	implementation.	NEHRP	partnered	with	the	Federal	
Emergency	Management	Agency	(FEMA),	the	United	States	Geological	Survey	(USGS),	the	
National	Institute	of	Standards	and	Technology	(NIST),	and	the	National	Science	Foundation	
(NSF).	Because	of	the	awareness	and	incentives	to	risk	reduction,	new	policies	and	building	
codes	were	created	and	became	a	requirement	when	designing	and	constructing	a	new	
structure.	Sustainability,	on	the	other	hand,	is	a	topic	that	is	known	by	many,	but	the	effects	
and	advantages	are	still	not	as	familiar.	If	there	is	a	higher	demand	to	be	greener	with	hazard	
reduction	building	design	and	construction,	then	the	state	and	local	governments	can	go	
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through	a	similar	process	and	add	new	policies	and	building	codes	requiring	a	certain	amount	of	
sustainability	for	the	project.	
Because	there	is	such	a	high	uncertainty	associated	with	seismic	events,	there	needs	to	
be	some	sort	of	risk-based	cost-benefit	analysis	regarding	a	balance	of	social,	economic,	and	
environmental	impacts	throughout	the	entire	lifecycle.	There	is	a	lot	of	focus	on	improving	the	
social	and	economic	aspects	of	new	and	old	buildings.	The	environmental	performance	lacks	
well-defined	criteria	and	methods,	so	less	attention	is	attributed	to	it.	Since	there	are	many	
structures	that	focus	on	the	social	and	economic	side	of	things,	there	isn’t	a	lot	of	information	
known	when	designing	for	all	three.	Because	of	this	uncertainty	and	lack	of	studies,	this	could	
lead	to	an	overestimation	or	underestimation	of	the	value	of	hazard-resistant	designs.	(Wei,	
2016)	Coastal	California	seems	to	be	a	hotspot	for	earthquakes	to	occur.	Although	there	is	a	
high	seismic	risk,	severe	earthquakes	transpire	infrequently,	which	means	most	buildings	will	
never	experience	extensive	damage	due	to	a	strong	earthquake.	Not	all	buildings	need	to	be	
built	to	prevent	total	collapse,	but	they	do	need	to	prevent	endangerment	of	life.	Buildings	such	
as	hospitals,	fire	stations,	emergency	communication	centers	and	similar	structures	are	all	
essential	to	post-earthquake	recovery,	therefore	there	is	more	conservative	criteria	in	the	
building	code.	There	are	economic	reasons	as	to	why	certain	criteria	is	assigned	to	certain	
buildings,	but	even	with	designs	that	make	sense	economically,	there	may	not	be	a	focus	on	the	
environmental	impact.	(AISC,	2009)	
The	nature	of	a	structure	alone	can	resist	seismic	loading,	but	damping	is	another	
effective	design.	Damping	is	a	dynamic	property	that	is	important	in	earthquake	analysis.	
Damping	helps	dissipate	energy	in	an	inelastic	behavior,	or	in	hysteresis,	while	loading	and	
unloading	the	structure.	This	could	be	done	with	the	use	of	nonstructural	elements	to	dissipate	
energy,	bolted	connections	for	frictional	dissipation	of	energy,	and	yielding	of	structural	
elements.	There	are	three	main	ways	to	damp	a	structure,	these	being	diagonals/viscous	
dampers,	tuned	mass	dampers	(TMD),	and	the	use	of	base-isolation.	There	are	some	areas	
within	damping	that	the	amount	of	materials,	or	types	of	materials	used	could	be	better	
chosen.	Not	all	damping	systems	are	the	same,	and	they	all	don’t	emit	the	same	amount	of	
emissions.	That	being	said,	one	system	may	work	better	than	another	for	a	certain	situation,	
but	there	could	also	be	a	way	to	make	that	system	more	sustainable	to	the	environment.		
A	ductile	element	is	an	element	that	is	able	to	sustain	loads	even	when	it	has	been	
strained	beyond	its	elastic	limit.	Since	the	shaking	of	earthquakes	gives	off	large	loads,	ductility	
is	an	important	parameter	for	seismic	resistance.	Through	inelastic	response,	a	structure	that	is	
not	designed	to	fully	resist	seismic	loading	is	able	to	survive	at	the	least.	Other	structures	that	
are	not	ductile	will	fail	when	they	are	introduced	to	ground	motions	that	deforms	them	beyond	
their	elastic	limit.	Within	AISC	341,	most	of	the	design	criteria	for	various	steel	and	composite	
structures	ensure	sufficient	ductility,	which	helps	design	for	smaller	forces	than	that	are	
required	in	an	elastic	design.	Ductile	elements	should	be	able	to	be	placed	at	key	locations	in	a	
seismic	load	resisting	system	that	will	yield	and	protect	non-ductile	elements	that	may	become	
overstressed	otherwise.	The	main	idea	of	this	is	to	force	the	ductile	elements	to	fail	in	a	ductile	
manner,	meaning	the	capacity	in	other	failure	modes	is	greater.	Research	is	still	being	done	to	
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achieve	a	certain	level	of	ductility	while	reducing	the	costs	to	be	the	most	economical.	(Hines	
and	Fahnestock,	2016)	
A	seismic	load	resisting	system	(SLRS)	is	what	helps	disperse	strong	earthquake	loads	
through	a	structure	producing	the	least	amount	of	damage	as	possible.	The	SLRS	generally	
includes	vertical	elements,	foundations,	and	diaphragms	of	some	sort.	A	vertical	element	could	
include	vertical	braced	frames,	shear	walls,	moment	frames,	and	any	combination	of	these.	The	
horizontal	elements	are	known	as	the	diaphragms,	and	these	help	transfer	the	inertial	seismic	
forces	to	the	vertical	elements	from	their	points	of	origin.	In	a	steel	structure,	this	would	
typically	look	like	a	concrete	floor	slab,	or	concrete-filled	steel	deck.	The	way	a	structure	is	
designed	determines	the	strength,	stiffness,	and	longevity,	along	with	many	other	things.	Most	
of	the	sustainable	aspects	of	a	structure	is	in	the	construction	and	tear	down,	as	stated	before.	
A	building	with	mainly	moment	connections	would	need	to	have	welded	connections,	while	a	
building	with	shear	connections	would	need	to	have	bolted	connections.	Most	of	the	welding	
could	be	done	inside	of	a	shop,	which	would	save	on	time	on	the	job	site.		This	would	help	
reduce	the	amount	of	emissions	coming	from	a	job	site,	but	could	still	produce	emissions	at	the	
shop.	Emissions	will	typically	be	greater	if	equipment	is	used	for	a	longer	span	of	time.	There	
has	been	research	done	on	the	life-cycle	analysis	of	different	buildings,	and	compares	how	
sustainable	each	construction	method	is	to	each	other.	(AISC,	2009)	
As	stated	before,	the	types	of	materials	used	can	release	a	certain	amount	of	emissions	
into	the	environment.	Mostly	all	of	the	funding	for	research	has	been	going	to	steel	and	
concrete	designs	because	that	is	what	has	been	used	in	the	past,	and	it	is	known	that	those	
materials	work.	Both	steel	and	concrete	contribute	a	considerable	amount	on	emissions	when	
they	are	produced.	There	could	be	more	options	available	by	looking	for	local	renewable	
resources.	These	resources	would	not	only	be	more	readily	available	depending	on	the	location,	
but	they	could	potentially	be	cheaper,	and	they	would	definitely	be	more	sustainable.	Research	
needs	to	be	done	to	see	if	there	are	ways	these	renewable	resources	could	be	used	in	hazard	
design,	not	just	for	earthquakes,	but	there	needs	to	be	more	of	a	demand	for	this	sustainable	
option,	otherwise	funds	will	never	be	given	towards	it.	Recycled	steel	should	always	be	
considered	in	a	new	steel	structure,	but	also	bamboo.	Bamboo	has	a	great	deal	of	tensile	
strength,	and	could	be	used	in	walls	and	flooring.	Also,	in	the	making	of	bamboo,	there	are	little	
to	no	emissions	produced	because	it	can	constantly	be	regrown.	There	still	would	be	many	
challenges,	such	as	a	greater	fire	hazard,	unknown	construction	methods,	increase	in	cost,	etc.	
The	extra	costs	that	are	required	for	constructing	with	bamboo	would	be	worth	it	with	the	
amount	of	emissions	that	are	no	longer	being	released	compared	to	if	concrete	were	to	be	
used.	Another	resource	that	can	be	regrown	is	sheep’s	wool,	and	this	could	be	used	as	
insulation.	There	has	been	no	research	on	sustainability	in	hazard	reduction	using	local	
renewable	resources	like	bamboo.	If	more	people	saw	the	need	for	this	more	sustainable	
option	of	constructing,	then	there	would	be	a	greater	purpose	behind	the	research	that	would	
be	done.	If	using	local	renewable	resources	became	more	popular,	then	the	demand	for	steel	
and	concrete	would	decrease,	which	would	then	lead	to	a	decrease	in	the	amount	of	emissions	
that	are	being	produced,	and	the	percentage	of	greenhouse	gasses	would	decrease,	meaning	a	
healthier	environment.			
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After	an	earthquake	occurs,	a	lot	of	damage	will	follow,	costing	millions	if	not	billions	of	
dollars.	The	work	done	for	the	recovery	of	buildings	and	environments	also	generate	tons	and	
tons	of	emissions	that	are	harmful	to	the	environment.	An	example	of	this	is	the	2011	Great	
East	Japan	Earthquake.	Figure	2	shows	the	hypocenter,	or	the	starting	point	of	the	Tohoku	
earthquake,	as	well	as	for	other	earthquakes	with	magnitude	5	and	greater.	(EOS	News,	2011)	
This	caused	just	under	16,000	deaths	and	damage	to	about	1.12	million	buildings.	It	cost	about	
US	$122	billion	for	all	activities	related	to	building	recovery.	The	recovery	work	generated	
about	26.3	million	tons	of	CO2-equivalent	emissions,	amounting	to	be	about	2.1%	of	the	total	
greenhouse	gas	emissions	of	Japan	that	year.	The	way	that	a	structure	is	designed	before	
construction	can	have	a	great	effect	on	the	response	of	it	during	a	severe	earthquake.	Some	of	
the	buildings	in	Japan	may	have	been	designed	properly	to	resist	such	ground	motions,	but	it	is	
guaranteed	that	not	all	of	them	were.	There	is	a	positive	outcome	when	a	building	is	designed	
sustainably.	In	this	case,	if	a	structure	was	designed	for	a	longer	life,	and	greater	forces,	then	it	
may	have	survived	this	horrible	disaster	in	2011.	Sustainability	should	always	be	kept	in	mind	
when	designing	and	constructing,	because	it	may	pay	off	in	the	long	run.	
	
Figure	2:	Hypocenter	of	earthquakes	with	magnitude	5	or	greater	in	Japan	
	
Tsunamis	
A	natural	disaster	that	can	actually	stem	from	an	earthquake	is	a	tsunami.	These	are	
large	ocean	waves	prompted	by	earthquakes	under	or	near	the	ocean,	volcanic	eruptions,	
submarine	landslides,	and	when	large	volumes	of	rocks	and	debris	plummet	into	the	water	due	
to	onshore	landslides.	To	compare,	the	typical	ocean	wave	is	generated	by	wind	and	storms,	
and	they	“break”	with	a	curling-like	motion.	Tsunamis,	on	the	other	hand,	are	not	caused	by	
tides,	and	they	move	much	faster	than	a	typical	ocean	wave	would.	Depending	on	how	deep	
the	ocean	is,	tsunamis	can	move	over	500	mph,	as	fast	as	a	jet	plane,	and	in	just	one	day	can	
travel	over	entire	oceans,	as	well	as	far	inland.	(NOAA,	2019)	Once	these	waves	enter	shallow	
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water	near	land,	they	can	slow	down	to	about	20	or	30	mph,	approximately	the	speed	of	a	car.	
As	the	speed	decreases	near	land,	their	wavelength	decreases	causing	the	height	to	increase.	
Most	tsunamis	are	less	than	10	feet	high,	but	can	exceed	100	feet	in	extreme	cases.	Some	
dangerous	tsunamis	can	last	for	days,	with	five	minutes	to	two	hours	between	each	wave.	If	
you	can	see	a	tsunami	coming	your	way	from	far	out,	chances	are	you	will	not	be	able	to	outrun	
it	because	of	the	speed	at	which	it	is	approaching.	The	most	common	location	for	tsunamis	to	
occur	is	within	the	Pacific	Ocean’s	“Ring	of	Fire,”	which	is	an	area	volcanoes	and	earthquakes	
commonly	appear	due	to	a	high	amount	of	tectonic	shifts.	(National	Geographic)	
In	Tohoku	on	March	11,	2011,	the	strongest	recorded	earthquake	in	Japan	was	detected	
with	a	magnitude	9.	The	earthquake	caused	tsunami	waves	up	to	132	feet	(40	meters)	high	
traveling	about	435	mph	(700	km/h)	for	up	to	6	miles	(10	km)	inland.	Because	of	the	large	
waves	moving	so	fast,	the	residents	only	had	a	warning	time	of	about	8	to	10	minutes,	causing	
more	than	15,500	deaths.	Along	with	the	damage	of	much	of	the	infrastructure,	the	tsunami	
also	caused	three	nuclear	reactors	to	meltdown	at	the	Fukushimi	Daiichi	Nuclear	Power	Plant,	
making	it	necessary	for	evacuation	from	homes	and	businesses.	(National	Geographic)	
According	to	a	report	published	on	September	10,	2018	by	the	National	Police	Agency	of	Japan,	
there	were	121,778	buildings	labeled	as	“totally	collapsed”,	280,926	buildings	labeled	as	“half	
collapsed”,	and	699,180	buildings	as	“partially	damaged”.	The	insured	losses	from	the	
earthquake	alone	had	an	early	estimate	of	$14.5	to	$34.6	billion,	and	the	total	economic	cost	
was	estimated	to	be	$235	billion,	one	of	the	costliest	natural	disasters	in	history.	
“Designing	for	Tsunamis”,	written	by	National	Tsunami	Hazard	Mitigation	Program,	
introduces	seven	principles	for	planning	and	designing	for	tsunami	hazards.	These	principles	are	
listed	as	follows	(National	Tsunami	Hazard	Mitigation	Program,	2001):	
1. Know	your	community’s	tsunami	risk:	hazard,	vulnerability,	and	exposure	
2. Avoid	new	development	in	tsunami	run-up	areas	to	minimize	future	tsunami	
losses	
3. Locate	and	configure	new	development	that	occurs	in	tsunami	run-up	areas	to	
minimize	future	tsunami	losses	
4. Design	and	construct	new	buildings	to	minimize	tsunami	damage	
5. Protect	existing	development	from	tsunami	losses	through	redevelopment,	
retrofit,	and	land	reuse	plans	and	projects	
6. Take	special	precautions	in	locating	and	designing	infrastructure	and	critical	
facilities	to	minimize	tsunami	damage	
7. Plan	for	evacuation	
Principle	4	will	be	the	focus	for	this	paper	since	this	is	about	the	design	and	construction	of	new	
buildings.		
	 The	reduction	of	loss	of	life	and	property	damage	is	one	of	the	main	goals	when	
designing	and	constructing	buildings	in	a	tsunami	hazard	area.	The	materials	used,	the	
configuration	of	the	building,	the	tsunami-specific	features,	as	well	as	the	quality	of	
construction	all	play	a	large	role	as	to	how	a	building	reacts	when	a	tsunami	arrives.	The	most	
effective	way	of	reducing	loss	and	damage	is	to	just	not	build	in	a	potential	inundation	area.	If	
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this	is	not	possible,	then	there	are	potential	consequences	to	consider.	The	Uniform	Building	
Code	(UDC)	prepared	by	the	International	Conference	of	Building	Officials	(ICBO)	is	the	building	
code	used	in	the	Pacific	states.	The	state	governments	mandate	code	adoption	and	
enforcement	at	the	local	level	within	the	states	of	California,	Oregon,	and	Washington.	
Whereas	Alaska	mandates	only	the	fire	code,	Hawaii	does	not	mandate	the	use	of	model	code,	
therefore	the	county	government	has	the	option	to	do	as	they	see	fit.	Versions	of	UBC	have	
been	adopted	amidst	counties	in	Hawaii	and	cities	in	Alaska.	Within	the	UBC,	there	are	no	
requirements	for	tsunami-resistant	design,	but	there	are	design	requirements	and	standards	for	
fire,	wind,	floods,	and	earthquakes.	There	may	be	certain	tsunami-related	standards	within	
communities,	but	no	requirements.	For	the	architects	and	engineers	designing	for	tsunami	
forces,	FEMA’s	Coastal	Construction	Manual	(FEMA	55)	gives	guidance	as	to	how	to	do	so.	It	is	
important	to	recognize	the	full	range	of	potential	hazards	before	beginning	construction	in	a	
tsunami-risk	area.	(National	Tsunami	Hazard	Mitigation	Program,	2001)	
Tsunami-related	forces	such	as	water	pressure,	buoyancy,	currents	and	waves,	debris	
impact,	scour,	and	fire	need	to	be	addressed	when	designing	a	building	in	a	tsunami	risk	area.	
Refer	to	Appendix	A	to	see	possible	design	solutions	for	each	of	the	potential	tsunami	effects.	
Buildings	that	are	being	built	in	a	tsunami	risk	area	must	be	built	at	a	particular	performance	
level.	These	levels	are	minimum,	safety,	reoccupancy,	and	operational.	Minimum	level	buildings	
should	be	able	to	withstand	water	forces	without	being	moved,	but	could	still	get	damaged	
from	other	effects.	A	building	constructed	at	safety	level	should	make	sure	the	building	can	
withstand	forces	from	everything	hitting	against	the	building,	to	allow	occupants	to	evacuate	
the	building	while	waves	are	in	action.	Buildings	constructed	for	reoccupancy	is	similar	to	the	
safety	level,	but	extra	precautions	are	taken	so	the	building	can	be	back	up	in	use	soon	after	
cleanup	and	repairs	are	done.	Lastly,	building	constructed	at	the	operational	level	are	expected	
to	keep	running	as	normal,	so	they	can	be	in	use	immediately	after	a	tsunami.	
The	way	a	building	is	designed	and	constructed	has	a	large	impact	as	to	how	sustainable	
it	will	be.	Competent	engineering,	design,	construction,	and	quality	assurance	will	amount	to	
problems	either	during	or	after	construction.	This	may	cause	a	loss	of	money,	extra	emissions	
released	into	the	environment,	and	even	a	loss	of	life.	It	is	very	important	to	follow	the	code	
provided,	and	keep	public	health	and	safety	in	mind	at	all	times.	To	make	sure	these	
requirements	are	met,	the	construction	process	needs	to	be	inspected	throughout	the	whole	
project.	The	type	of	material	also	plays	a	large	role	in	the	design.	Concrete,	masonry,	and	heavy	
steel	frames	tend	to	perform	better	in	a	tsunami	compared	to	wood-frame	buildings,	
manufactured	housing,	and	light	steel-frame	structures.	The	elevation	of	the	building	as	well	as	
the	distance	from	the	shoreline	also	has	an	impact.	There	are	ways	both	the	architect	and	the	
engineer	can	be	more	sustainable	in	their	design,	but	there	needs	to	be	some	sort	of	required	
codes	and	standards	that	need	to	be	met	so	this	can	occur	for	every	structure	being	built	in	a	
coastal	region.	It’s	hard	to	do	so	if	there	are	no	requirements	for	a	design	per	se,	but	with	more	
research,	more	facts	about	tsunamis	and	sustainable	options	with	be	known,	and	could	become	
a	requirement.	The	goal	is	to	see	a	required	limit	of	emissions,	as	stated	in	the	previous	
sections,	so	that	there	are	less	greenhouse	gasses	amounting	from	hazard	reduction	design.	
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Extreme	Winds	
	 Two	of	the	main	natural	disasters	that	cause	extreme	winds	are	hurricanes	and	
tornadoes.	A	hurricane,	or	a	tropical	cyclone,	can	be	labeled	as	three	different	things	based	on	
the	maximum	speed	of	the	sustained	surface	winds.	If	winds	are	less	than	39	mph,	the	tropical	
cyclone	is	called	tropical	depressions,	if	greater	than	39	mph	it	is	called	tropical	storms,	and	if	
they	reach	74	mph	or	greater	it	is	called	a	hurricane,	155+	mph	makes	it	catastrophic.	Based	on	
the	maximum	sustained	winds,	the	hurricane	is	rated	on	a	scale	of	1	to	5	according	to	the	Saffir-
Simpson	Hurricane	Wind	Scale.	There	will	potentially	be	more	property	damage	the	higher	the	
category.	The	Atlantic	basin	includes	the	Atlantic	Ocean,	Caribbean	Sea,	Gulf	of	Mexico,	eastern	
North	Pacific	Ocean,	and,	less	frequently,	the	central	North	Pacific	Ocean.	This	is	typically	where	
hurricanes	originate.	Between	the	days	of	June	1	and	November	30	is	known	as	“hurricane	
season”.	Although	unlikely,	hurricanes	can	still	occur	outside	of	this	time	frame.	On	average,	
hurricanes	generally	occur	12	times	a	year	within	the	Atlantic	basin.	(NOAA)	
	 Wind	is	what	typically	causes	the	most	structural	damage	during	a	hurricane.	Other	
things	like	trees	and	power	lines	can	by	uprooted	and	torn	down,	causing	more	damage.	During	
the	storm	there	is	an	association	with	heavy	rains.	5-10	inches	of	rain	commonly	fall	during	
landfall.	As	a	storm	moves	more	inland,	the	wind	speeds	decrease,	but	the	topography,	
circulation,	and	tropical	moisture	can	contribute	to	the	rainfall.	This	can	lead	to	intense	
flooding.	Storm	surge	can	also	lead	to	intense	flooding.	When	the	storm	makes	landfall,	the	
level	of	water	rises	rapidly	as	it	moves	onto	land,	also	known	as	storm	surge.	An	example	of	
what	storm	surge	looks	like	is	shown	in	Figure	3.	This	is	another	force	onto	structures,	the	
intense	force	from	the	waves	beating	against	the	structure.	A	cubic	yard	of	water	weighs	about	
1,700	pounds.	Tornadoes	can	also	be	triggered	by	a	tropical	cyclone.	(weather.com,	2013)	
	
Figure	3:	Coastal	flooding	in	Mantoloking,	New	Jersey,	taken	from	a	New	Jersey	Air	National	
Guard	Helicopter	
Credit:	Scot	Anema/New	Jersey	National	Guard	
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For	a	hurricane,	a	building	needs	to	be	designed	and	constructed	according	to	forces	
from	wind,	rain,	and	floods.	Over	years	of	data	being	collected	from	previous	hurricanes,	more	
and	more	information	is	being	added	to	building	codes	since	more	in	known.	Hurricane	
Andrew,	Charley,	Frances,	Jeanne,	and	Katrina,	to	name	a	few,	have	contributed	to	improving	
the	design	of	buildings	because	of	the	issues	with	the	wind,	rain,	and	floods.	Since	hurricanes	
on	a	regular	basis	hit	Florida,	the	Florida	Building	Code	has	experienced	many	revisions.	When	
looking	at	the	changes	made	to	the	2004	Florida	Building	Code,	the	Scope	in	section	101.2	
states,	“The	provisions	of	this	code	shall	apply	to	the	construction,	alteration,	movement,	
enlargement,	replacement,	repair,	equipment,	use	and	occupancy,	location,	maintenance,	
removal	and	demolition	of	every	building	or	structure	or	any	appurtenances	connected	or	
attached	to	such	buildings	or	structures.”	(Florida	Building	Code,	2004)	This	applies	to	all	new	
buildings	and	structures	besides	those	that	are	existing,	and	detached	one-	and	two-	family	
dwellings,	and	townhouses	not	more	than	three	stories.	Improvements	have	been	made	to	the	
wind	hazard	maps	in	the	new	ASCE	7-16	to	reduce	wind	loading,	therefore	reducing	the	cost	of	
construction	throughout	most	of	the	United	States.	(Walpole,	2016)	Also,	looking	on	the	
hazards	by	location	map	at	hazards.atcouncil.org,	wind	loads	for	Risk	Category	IV,	labeled	as	a	
wind-borne	debris	region,	were	separated	and	increased	from	Risk	Category	III.	
To	address	flooding,	structures	should	be	elevated,	built	with	materials	that	can	get	wet,	
and	be	able	to	easily	dry	once	they	get	wet.	The	first	floor	in	a	hurricane/flood-risk	area	
typically	includes	parking,	storage,	and	building	access.	More	important	things	like	utilities,	
services,	and	equipment	are	elevated	for	protection.	Slabs	should	be	avoided	unless	they	are	
raised	above	ground	level.	For	building	materials,	Florida	leads	the	way	in	knowing	what	
materials	work	better	in	the	case	of	flooding.	Commercial	buildings	are	mostly	constructed	
using	masonry	and	concrete.	For	residential	buildings,	the	first	level	is	typically	masonry,	while	
a	wood	frame	is	used	for	above	levels.	A	big	solution	is	to	build	with	materials	that	can	get	wet.	
(Lstiburek,	2006)	Since	there	are	options	on	what	you	can	use	and	how	they	can	be	
constructed,	there	is	a	chance	to	be	more	sustainable	with	the	options	that	are	chosen.	Since	
Florida	knows	what	works	best	for	materials	that	need	to	be	used,	they	should	keep	looking	
into	more	options,	and	see	if	there	are	more	sustainable	materials,	or	methods	that	could	be	
utilized.	Impact	windows,	stronger	ties	between	roofs	and	walls,	and	securing	roof	shingles	with	
nails	instead	of	staples	were	all	new	requirements	to	buildings	after	1992’s	Hurricane	Andrew.	
Buildings	that	were	constructed	using	these	tactics	fared	better	in	proceeding	hurricanes.	
(Mortice,	2017)	Depending	on	the	architect	and	design	engineer,	some	may	feel	more	inclined	
to	be	more	sustainable,	while	others	just	want	to	get	by	with	the	minimum	requirements	to	
keep	costs	lower.	This	is	where	the	code	is	more	open	ended,	but	there	should	be	certain	
requirements	to	make	sure	the	building	is	more	sustainable	to	the	environment.	(Lstiburek,	
2006)	
	 A	tornado	could	be	caused	by	hurricanes,	but	supercells	likely	cause	more.	When	a	large	
thunderstorm	occurs,	sometimes	winds	are	set	in	rotation,	which	can	then	generate	the	most	
destructive	tornadoes.	These	are	formed	when	warm	and	humid	air	collides	with	cold	and	dry	
air.	There	is	an	updraft	that	is	caused	by	the	warm	air	rising	through	the	cool	air,	and	this	then	
causes	the	winds	to	rotate,	which	will	then	lead	to	the	funnel,	making	a	tornado	once	it	touches	
the	ground.	To	define	a	tornado,	it	is	a	violently	rotating	column	of	air	extending	to	the	ground	
from	a	thunderstorm.	The	winds	could	reach	a	speed	of	250	mph,	and	could	clear	a	pathway	
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that	is	50	miles	long	with	a	mile	in	width.	When	the	funnel	hits	the	ground,	sounds	like	that	of	a	
freight	train	are	heard	as	it	roars	forward	and	tears	up	everything	in	its	path.	United	States	host	
the	majority	of	tornadoes	seen	around	the	world,	with	about	a	thousand	every	year.	Some	of	
the	most	powerful	and	destructive	tornadoes	are	seen	within	“Tornado	Alley”.	This	is	a	region	
including	the	eastern	state	of	South	Dakota,	Nebraska,	Kansas,	Oklahoma,	northern	Texas,	and	
eastern	Colorado.	(National	Geographic)	
On	average,	the	United	States	experiences	about	70	deaths	and	more	than	1,500	
injuries	per	year	because	of	tornadoes.	This	leads	to	about	400	million	dollars	in	damage.	
Homes	and	businesses,	as	well	as	many	other	buildings,	are	torn	apart	from	the	extremely	high	
winds.	Other	things	that	the	high	winds	can	destroy	besides	buildings	are	bridges,	flip	trains,	
cars	and	trucks	may	be	sent	flying,	bark	may	be	torn	off	of	trees,	and	water	may	be	sucked	from	
a	riverbed.	People	end	up	getting	injured	or	killed	by	rolling	on	the	ground	from	winds,	being	
dropped	from	considerably	dangerous	heights,	but	most	commonly	being	struck	by	flying	
debris;	including	roofing	shingles,	broken	glass,	doors,	metal	rods,	etc.	The	forecasting	and	
warning	systems	were	improved	throughout	the	United	States,	and	since	then	the	number	of	
average	deaths	per	year	decreased.	(National	Geographic	Staff,	2019)	
Figure	4:	A	range	of	damage	according	to	the	Fujita	scale	based	on	wind	speeds	
	
Tornadoes	are	labeled	according	to	the	Enhanced	Fujita	(EF)	scale,	ranging	from	EF0	—	
light	damage	of	65-85	mph	winds	to	EF5	—	incredible	damage	with	>200	mph	winds,	also	from	
the	T-scale	(TORRO	Scale	—	Europe	only).	An	example	of	damage	that	could	be	caused	by	
tornadoes	depending	on	wind	speeds	is	shown	in	Figure	4.	The	largest	category,	EF5,	is	
responsible	for	about	75%	of	property	damage	as	well	as	deaths	around	the	world.	The	
problems	regarding	tornadoes	is	the	amount	of	property	damage	that	occurs,	which	then	leads	
to	clean	up,	reconstruction	or	recovery,	and	this	produces	more	emissions	because	of	the	
shorter	life-cycle	of	the	buildings.	(National	Geographic	Staff,	2019)	Designs	now	for	both	
hurricanes	and	tornadoes	have	been	using	an	increase	in	wind	speed	as	a	design	speed,	so	
buildings	will	be	able	to	last	longer.	These	changes	still	haven’t	fixed	every	building,	because	
those	who	own	some	existing	buildings	don’t	have	the	money	to	reinforce	it.	There	has	been	a	
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lot	of	research	on	wind	effects	alone,	and	the	materials	that	are	used	and	whatnot.	These	were	
looking	at	the	typical	materials	of	steel	and	concrete,	as	mentioned	before,	because	these	are	
the	ways	that	are	known,	and	has	been	proven	to	work.	Regarding	a	more	sustainable	design,	
construction,	demolition,	etc.,	there	has	not	been	a	lot	of	research	trying	to	figure	these	things	
out.	There	was	one	research	project	that	was	found	that	focused	on	a	more	sustainable	design	
for	extreme	winds.	
According	to	a	research	paper	called	“Cost	vs.	Safety:	A	novel	design	for	tornado	proof	
homes,”	written	by	Komali	Kantamaneni,	to	better	resist	against	tornadoes,	a	new	3D	CAD	
model	was	developed	to	get	an	initial	estimate	of	construction	costs	and	safety	issues	on	top	of	
the	typical	design.	Although	this	proposed	design	is	safer	and	works	better,	the	construction	
costs	25-30%	more.	The	tradeoff	would	be	to	spend	a	little	more	money	to	keep	a	building	from	
collapsing	from	an	earthquake	rather	than	paying	even	more	(probably)	to	rebuild	a	whole	new	
building	in	its	place.	Using	missile	steel	and	shield	technology	is	a	way	to	better	protect	
structures.	Some	examples	of	design	are	shown	in	Figure	5	and	Figure	6.	Missile	steel	has	a	
mechanical	strength	of	1700-4000	MPa	(247,000-580,000	psi),	where	the	strength	of	only	0.013	
MPa	is	needed	to	resist	winds	greater	than	400	mph.	This	would	then	be	more	sustainable	
because	of	the	reduction	of	materials,	as	well	as	a	longer	life,	although	it	may	be	more	costly.	
Because	the	cost	of	using	the	maraging	steel	increases	the	cost	to	be	25-30%	higher	for	
construction,	it	turns	many	people	off.	The	reason	for	this	design	is	to	have	a	long-term	effect	
of	not	having	to	rebuild	many	times	after	the	destruction	from	a	tornado.	There	are	still	many	
factors	that	are	still	unknown,	but	this	is	just	one	of	many	ideas	out	there	to	aid	in	safety	when	
tornadoes	come.		(Kantamaneni,	2019)	This	is	a	step	in	the	right	direction	for	a	more	
sustainable	design,	but	it	is	still	beyond	our	reach.	More	research	needs	to	be	done	to	find	a	
more	reasonable	method	that	balances	the	social,	economic,	and	environmental	impacts	
throughout	the	life	cycle	of	a	building.	
	
	
Figure	5:	3D	CAD	model	–	(a)	straight	elevation	of	tornado	proof	home	(b)	Cross	section	
with	missile	steel	and	shield	technology	
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Figure	6:	Another	design	for	a	tornado	proof	home	
	
An	example	of	optimizing	a	design	to	use	less	material	is	the	Hearst	Headquarters	
building	that	is	located	in	New	York	(shown	in	Figure	7)	that	used	20%	less	material	than	a	
conventional	perimeter	frame	because	of	the	use	of	perimeter	diagonals.	The	triangular	shape	
is	both	appealing	to	the	architectural	and	structural	designers.	The	conventional	columns	are	
eliminated,	so	the	diagonal	members	carry	both	the	gravity	loads	as	well	as	the	lateral	forces.	
Strength	and	stiffness	are	the	two	most	important	design	requirements	for	the	structural	
design	of	any	building.	Systems	that	utilize	diagonals	are	generally	very	stiff;	therefore	they	are	
effective	among	various	structural	systems	for	tall	buildings	in	resisting	lateral	loads.	Although	
this	design	seems	to	be	more	efficient	and	sustainable	with	the	use	of	fewer	materials,	there	
are	still	many	complications	with	the	design.	Construction	becomes	more	complex,	the	design	
of	connections	is	different,	and	there	are	many	other	factors	that	can	argue	against	this	
design.		(Moon,	2008)	The	designers	were	smart	to	think	more	sustainably	with	the	amount	of	
materials	used,	but	are	they	also	economical?	Again,	the	design	for	a	sustainable	structure	
needs	to	balance	the	social,	economic,	and	environmental	impacts	that	are	produced	from	each	
project.	
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Figure	7:	Hearst	Headquarters	located	in	New	York	
	
Multi-Hazard	
	 Buildings	and	communities	can	be	exposed	to	numerous	hazards.	These	can	include	
coastal	storms	and	hurricanes,	earthquakes,	tsunamis,	tornadoes,	and	riverine	floods.	Typically	
an	engineer	would	design	a	building	based	on	an	individual	hazard,	one	that	would	“govern”	
over	the	other.	This	could	work,	but	there	are	many	other	factors	that	need	to	be	considered	
when	designing	in	a	multi	hazard	risk	area.	Billions	of	dollars	have	been	spent	worldwide	in	
response	to	natural	hazard	events.	There	is	also	a	likely	increase	in	the	frequency	of	some	
events	due	to	global	warming	and	sea	level	rise.	Because	of	all	of	these	changes	happening	so	
quickly,	a	sustainable	engineering	approach	that	considers	the	economic,	social,	and	
environmental	impacts	needs	to	be	utilized.	The	National	Research	Council	(NRC)	describes	that	
the	interdependencies	of	hazards	makes	it	critical	that	systems	are	developed	to	attain	resilient	
infrastructure	and	sustainable	communities.	“Interdependencies	can	occur	in	three	modes:	
during	an	individual	event;	by	affecting	performance	during	a	subsequent	event	of	the	same	or	
different	type;	and	by	affecting	long-term	post-event	operation.”	By	designing	a	building	early	
on,	there	is	more	time	to	implement	the	most	effective	and	sustainable	design.		(Flint	et	al.	
2016)	
It	is	important	to	have	a	strong	knowledge	of	all	the	possible	hazards	in	the	area	of	
design.	Sometimes	the	design	of	one	hazard	may	aid	in	the	design	of	another,	but	it	also	may	
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conflict.	It’s	always	possible	that	more	than	one	type	of	hazard	is	located	in	the	area	of	design.	
Typically	throughout	the	United	States,	all	areas	are	vulnerable	to	one	or	more	of	the	three	
primary	natural	hazards:	earthquakes,	floods,	or	high	winds.	Earthquakes	can	be	found	in	
specific	regions	within	the	Midwest,	Northeast,	Southeast,	the	U.S.	territories	(American	
Samoa,	Guam,	Northern	Mariana	Islands,	Puerto	Rico,	and	the	U.S.	Virgin	Islands),	but	most	
commonly	in	the	West.	Floods	can	occur	anywhere	there	is	a	river,	stream,	or	any	coastal	
bodies	of	water	along	the	U.S.	shoreline	and	Great	Lakes.	Whenever	there	are	intense	
rainstorms,	flash	floods	are	at	risk	of	forming	in	these	areas,	or	other	areas	that	are	susceptible	
to	flooding.	High	winds	can	occur	anywhere,	but	extreme	winds	are	regional.	All	three	of	these	
hazards,	earthquakes,	floods,	and	high	winds,	may	affect	Alaska,	Hawaii,	parts	of	the	East	Coast,	
and	the	U.S.	territories.	
In	regards	to	how	to	design	for	multi-hazards,	there	is	the	HAZUS-MH	(Hazards	U.S.	
Multi-Hazards)	program	that	is	a	Geographic	Information	System	(GIS)-based	program	that	was	
developed	by	FEMA.	This	was	put	into	place	to	estimate	future	losses	to	plan	for	damage,	to	
better	prepare	emergency	response	and	recovery	programs,	and	to	help	research	options	to	
reduce	damage	in	the	future.	The	more	that	is	known	about	the	topic	of	multi-hazard	design,	
the	better	the	designs	will	be,	and	then	the	more	sustainable	they	will	be	in	the	long	run.	This	is	
why	more	research	on	the	topic	itself	would	be	useful,	as	well	as	benefits	of	designing	one	way	
or	another.	Buildings	that	encounter	more	than	one	natural	hazard	are	tough	to	design,	but	
there	is	a	way	to	do	so	in	the	most	sustainable	way	possible.		Attached	in	Appendix	B	is	a	
document	showing	some	multi-hazard	design	system	interactions.	Proposed	protection	
methods	are	compared	between	earthquakes,	floods,	wind,	security/blast,	and	fire	to	see	if	the	
method	helps,	hurts,	or	has	little	to	no	significance	for	the	designated	component/system.	This	
was	just	from	one	article	found;	so	more	research	needs	to	be	done	to	back	up	this	
information.	If	there	was	more	interest	in	the	topic,	or	a	higher	demand	for	reducing	emissions	
in	the	whole	field	of	building	design,	then	these	topics	would	have	more	funding	for	this	type	of	
research.	Right	now,	funding	is	going	to	other	pressing	matters	according	to	the	professionals	
as	well	as	the	public.	
	
Conclusions	
	 Again,	all	buildings	have	an	impact	on	the	environment	from	the	start	of	construction	to	
the	end	of	demolition.	The	level	of	sustainability	a	building	has	will	help	reduce	that	impact.	
Sustainability	is	crucial	to	the	growing	world.	As	the	human	race	is	constantly	using	up	
environmental	resources,	not	enough	is	being	given	back	to	the	earth.	“Going	green”	has	
become	more	and	more	popular,	so	there	is	potential	for	a	higher	interest	in	more	sustainable	
options	within	the	developing	multi-hazard	reduction	practice.	The	main	problem	with	
sustainability	is	that	there	is	no	set	design	requirement	or	criteria	to	define	the	level	at	which	a	
building	is	considered	sustainable.	There	have	been	qualitative	criteria,	or	ideas	that	help	show	
the	areas	that	need	to	be	sustainable	throughout	a	project,	but	there	is	nothing	set	in	stone.	
The	LEED	Handbook	includes	credits	that	can	be	earned	for	including	something	more	
sustainable	into	the	building,	but	there	are	very	little	credits	related	to	the	structure	itself.	
Therefore,	there	is	no	incentive	to	even	consider	a	more	sustainable	design.	The	slightest	
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increase	in	cost	for	a	project	instantly	is	a	turn	off	to	owners,	and	they	never	end	up	wanting	to	
take	that	route,	even	if	it	could	more	sustainable	and	pay	off	in	the	long	run.	If	there	is	extra	
work	and	extra	money	that	is	involved,	it	will	be	much	harder	to	gain	an	interest	in	pursuing	
these	options.		
	 Seismic	design	codes	and	standards	have	changed	significantly	from	the	past.	With	
every	advancement	that	is	made,	more	codes	are	added.	If	there	is	a	high-probability	and	low-
consequence	risk,	then	there	is	minor	harm	done	to	an	individual,	therefore	leading	to	a	
smaller	incentive	to	address	the	issues.	If	there	is	a	low-probability	and	high-consequence	risk,	
there	is	more	harm	done,	but	just	a	lot	less	frequent.	This	doesn't	necessarily	mean	that	there	
is	a	higher	incentive.	If	there	is	a	low	response	to	these	risks,	then	there	is	more	of	a	challenge	
to	create	and	update	policies	regarding	them.	The	effects	and	advantages	of	sustainability	
within	hazard	reductions	are	less	known,	making	it	harder	to	create	new	policies	and	building	
codes.	Another	problem	is	that	there	is	not	a	balance	of	the	social,	economic,	and	
environmental	impacts	throughout	the	entire	life	of	a	building.	More	focus	is	being	put	on	the	
social	and	economic	impacts,	and	not	even	considering	the	environmental.		
	 There	are	principles	explaining	how	to	plan	and	design	for	tsunami	hazards,	but	there	
isn’t	much	in	place	as	to	require	a	certain	design.	The	Uniform	Building	Code	(UBC)	and	FEMA	
55	have	both	been	updated	with	more	that	is	known	about	the	design	for	tsunami	hazards.	
Problems	with	competent	engineering,	design,	construction,	and	quality	assurance	can	all	add	
to	a	loss	of	money,	extra	emissions	being	released,	and	even	loss	of	life.	The	construction	
process	needs	to	be	inspected	through	the	whole	project,	but	there	may	not	be	qualified	
people	available	to	do	this.	The	aim	is	to	have	someone	observing	the	process	from	start	to	
finish	to	make	sure	everything	is	done	as	planned,	but	there	isn’t	a	need	for	this	according	to	
those	working	in	the	field	now.	Without	any	specific	requirements	for	the	design,	it	is	harder	to	
add	on	requirements	for	sustainability.	There	isn’t	a	lot	being	done	in	regards	to	finding	
sustainable	options	within	tsunami	hazard	design.	Because	there	is	so	much	unknown	
information,	the	effects	and	advantages	again	are	unknown	as	well.	
	 Hurricanes	and	tornadoes	can	be	extremely	violent	and	destructive.	Because	of	the	
large	wind	speeds,	ASCE	7	has	been	updated	to	include	a	larger	speed	value	at	areas	that	are	at	
risk	of	these	extreme	wind	cases.	Problems	occur	when	there	is	the	constant	need	for	recovery	
and	reconstruction	of	structures	that	have	collapsed	due	to	the	extreme	winds.	This	creates	a	
large	amount	of	emissions	released	in	a	shorter	amount	of	time.	For	a	hurricane,	a	building	
needs	to	consider	forces	from	wind,	rain,	and	floods.	The	Florida	Building	Code	has	experienced	
many	revisions	due	to	the	frequency	of	hurricanes	in	the	area.	Tornadoes	are	very	common,	so	
a	lot	of	information	is	known	on	the	behavior	of	tornadoes,	as	well	as	the	damage	that	can	
occur	from	them.	Designs	for	both	hurricanes	and	tornadoes	have	now	been	using	higher	wind	
speeds	in	the	design	so	the	longevity	of	the	building	will	be	longer.	There	are	cost	issues	here	
with	the	extra	materials	that	would	need	to	be	used,	or	repairs	needed	to	be	done	on	existing	
buildings.	
	 Multi-hazard	reduction	design	may	be	the	most	important	to	consider	in	design.	When	
there	is	a	risk	to	have	more	than	one	hazard,	this	complicates	the	design.	The	design	of	one	
hazard	may	aid	in	the	design	of	another,	but	this	still	leaves	a	problem	where	they	could	
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conflict	with	each	other.	Engineers	typically	designs	for	the	governing	hazard,	and	follows	the	
minimum	building	codes	required.	There	are	still	issues	with	this.	If	the	hazard	that	they	didn’t	
design	for	hits,	then	the	building	would	not	fully	be	prepared	for	what	will	come,	leading	to	
collapse	and	possibly	death	to	humans.	There	is	still	a	lot	that	is	unknown	about	the	conflicting	
designs	between	the	hazards,	so	the	goal	is	to	have	a	better	understanding	on	the	interactions	
so	that	designs	can	be	modified	to	be	both	more	sustainable	and	effective.	
	 In	the	end,	the	main	goal	is	to	see	some	sort	of	required	limit	to	the	amount	of	
emissions	that	can	be	produced	throughout	each	building	project.	If	there	were	required	
quantitative	criteria	as	to	what	labels	the	level	of	sustainability	for	a	building,	then	there	could	
be	a	limit	set	on	the	amount	of	sustainability	needed	to	pass	inspection.	Because	of	the	likely	
increase	in	the	frequency	of	some	events	due	to	global	warming	and	sea	level	rise,	there	needs	
to	be	a	more	sustainable	engineering	approach	that	considers	a	balance	in	the	social,	economic,	
and	environmental	impacts.	This	means	that	we	could	potentially	reduce	the	frequency	of	
some	of	the	hazards	that	occur	because	of	a	more	sustainable	design	that	releases	fewer	
emissions.	
	 	
Future	Research	
	 Looking	at	the	life-cycle	analysis	is	the	best	way	to	see	the	overall	environmental	impact	
a	building	has.	Decisions	like	the	types	of	materials,	construction	methods,	demolition	
methods,	equipment	used,	etc.	can	all	be	better	chosen	after	looking	at	an	LCA.	Every	LCA	
needs	to	focus	on	every	type	of	material	and	method	and	structure	form	so	that	a	more	
realistic	estimation	of	emissions	can	be	made	for	every	building.		
	 Seismic	design	pretty	much	always	includes	the	use	of	steel	and	concrete.	These	
materials	have	always	been	used,	they	are	known	to	work,	and	therefore	all	funding	for	
research	is	going	towards	the	use	of	these	materials.	Different	materials	could	be	used	that	are	
local	and	renewable	resources.	They	would	not	only	be	more	sustainable,	but	they	could	also	
be	more	readily	available,	and	could	potentially	save	money.	Bamboo	has	high	tensile	strength,	
and	could	be	used	for	walls	and	flooring.	There	could	be	benefits	as	well	as	complications	with	
using	bamboo	along	with	other	renewable	resources.	These	will	not	be	known	unless	people	
research	them,	and	really	push	the	limit	to	see	what	can	be	done.	
	 For	tsunami	design,	there	isn’t	really	any	specific	research	that	needs	to	be	done.	More	
information	needs	to	be	known	about	tsunamis	and	the	typical	design,	and	then	looking	at	
materials	and	methods	for	a	more	sustainable	option	is	needed.		
	 Research	regarding	wind	loads	in	general	are	very	common,	and	have	been	seen	around	
the	world.	Research	regarding	a	more	sustainable	design	for	these	extreme	wind	load	cases	is	
not	as	common.	There	was	one	article	that	was	found	that	increases	the	construction	costs	by	
25-30%,	but	this	would	increase	the	life	of	each	structure,	causing	for	less	emissions	from	
recovery	and	reconstruction.	This	is	a	good	start	for	a	more	sustainable	design,	but	there	are	
still	too	many	complications	involved,	which	is	unattractive	to	owners	and	engineers.	More	
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research	needs	to	be	done	to	find	a	more	reasonable	method	that	balances	the	social,	
economic,	and	environmental	impacts	throughout	the	life-cycle	of	a	building.		
	 There	was	one	article	regarding	the	sustainability	within	multi-hazard	design.	This	
showed	a	comparison	of	the	effects	of	the	proposed	protection	methods	between	different	
types	of	hazards.	The	HAZUS-MH	program	was	put	into	place	to	help	produce	research	options	
to	reduce	damage	in	the	future.	There	is	already	a	program,	but	more	research	actually	needs	
to	be	done	on	the	interaction	between	protection	methods.	If	there	was	more	interest	in	the	
topic,	or	a	higher	demand	for	reducing	emissions	in	the	whole	field	of	multi-hazard	design,	the	
more	funding	would	be	available	for	research.	That	being	said,	the	interest	of	the	public,	as	well	
as	state	and	local	governments	is	detrimental	to	see	any	changes	for	sustainability	in	the	
developing	multi-hazard	reduction	practice.		
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APPENDIX A 
Phenomenon Effect Design Solutions
Inundation • Flooded basements. • Choose sites at higher elevations.
• Flooding of lower floors. • Raise the building above the flood elevation.
• Foulding of mechanical, electrical and communication 
systems and equipment.
• Do not store of install vital material and equipment on floors or basements lying below 
tsunami inundation levels.
• Damage to building materials, furnishings, and contents 
(supplies, inventories, personal property).
• Protect hazardous material storage facilities that must remain in tsunami hazard areas.
• Locate mechanical systems and equipment at higher locations in the building
• Contamination of affected area with waterborne pollutants • Use concrete and steel for portions of the building subject to inundation
• Evaluate bearing capacity of soil in a saturated condition
• Hydrostatic forces (pressure on walls caused by variations in 
water depth on opposite sides).
• Elevate buildings above floor level.
• Anchor buildings to foundations.
• Provide adequate openings to allow water to reach equal heights inside and outside of 
buildings.
• Design for static water pressure on walls.
•Buoyancy (flotation or uplift forces caused by buoyancy). •Elevate buildings
•Anchor buildings to foundations
•Saturation of soil causing slope instability and/or loss of 
bearing capacity.
•Evaluate bearing capacity and shear strength of soils that support building foundations 
and embankment slopes under conditions of saturation.
•Avoid sopes or provide a setback from slopes that may be destabilized when inundated.
Currents •Hydrodynamic forces (pushing forces caused by the leading 
edge of the wave on the building and the drag caused by flow 
around the building and overturning forces that result).
•Elevate buildings
•Design for dynamic water forces on walls and building elements
•Anchor buildings to foundations
•Debris impact •Elevate buildings
•Design or impact loads
•Scour •Use deep piles or piers.
•Protect against scour around foundations.
Wave break 
and bore
•Hydrodynamic forces •Design for breaking wave forces.
•Debris impact •Elevate buildings.
•Design for impact loads.
•Scour •Design for scouring and erosion of the soil around foundations and piers.
Drawdown •Embankment instability •Desin waterfront walls and bulkheads to resist saturated soils without water in front.
•Provide adequate drainage.
•Scour •Design for scouring and erosion of the soil around foundations and piers.
Fire •Waterborne flammable materials and ignition sources in 
buildings.
•Use fire-resistant materials.
•Locate flammable material storage outside of high-hazard areas.
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and 6), together with the methods for security/blast protection present-
ed in FEMA 428. In addition, the interactions of these four categories 
of risk protection with fire safety, where they occur, are also suggested. 
The suggested interactions are intended to provoke thought and design 
integration; they are not absolute restrictions nor are they recommenda-
tions. In general, beneficial conditions can be identified and undesirable 
conditions and conflicts can be avoided through coordinated design be-
tween the consultants, starting at the inception of design. The table can 
be used as a starting point for discussion relative to specific projects and 
to structure the benefits and conflicts of multihazard design depending 
on local hazards.
Table 3-3: Multihazard design system interactions 
Key
4 Indicates desirable condition or method for designated component/system 
8 Indicates undesirable condition or method for designated component/system 
m Indicates little or no significance for designated component/system
Split box indicates significance may vary, see discussion issues
Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
1 Site
1-1 Building elevated 
on fill
m 4 m m m Excellent solution for flood.
1-2 Two means of site 
access
4 4 4 4 4
1-3 In close proximity 
to other facilities 
that are high risk 
targets for attack 
m m m 8 m
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Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
2 Architectural
2A Configuration
2A-1
Large roof 
overhangs 8 m 8 8 m
Possibly vulnerable to vertical 
forces in earthquake, uplift 
wind forces. The wall to roof 
intersection will tend to contain 
and concentrate blast forces if 
the point of detonation is below 
the eaves.
2A-2
Re-entrant corner 
(L-, U-shape, etc.) 
building forms
8 m 8 8 m
May concentrate wind or blast 
forces; may cause stress 
concentrations and torsion in 
earthquakes.
2A-3
Enclosed 
courtyard building 
forms
8 m 4 4 8 m
May cause stress 
concentrations and torsion in 
earthquake; courtyard provides 
protected area against high 
winds. Depending on individual 
design, they may offer 
protection or be undesirable 
during a blast event. If they 
are not enclosed on all four 
sides, the “U” shape or re-
entrant corners create blast 
vulnerability. If enclosed on all 
sides, they might experience 
significant blast pressures, 
depending on building and 
roof design. Because most 
courtyards have significant 
glazed areas, this could be 
problematic.
2A-4 Very complex 
building forms
8 8 8 8 8 May cause stress concentrations 
and torsion in highly stressed 
structures, and confusing 
evacuation paths and access for 
firefighting. Complicates flood 
resistance by means other than 
fill.
2B Planning and Function (No significant impact)
2C Ceilings (No significant impact)
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Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
2 Architectural (continued)
2D Partitions
2D-1
Block, hollow clay 
tile partitions 8 4 8 8 4
Wind and seismic force 
reactions would be similar 
for heavy unreinforced 
wall sections, with risk of 
overturning. Tile may become 
flying debris during a blast. It is 
possible, but difficult, to protect 
structures with blast walls, but 
a weak nonstructural wall has 
more chance of hurting people 
as debris. Desirable against 
fire and not seriously damaged 
by flood.
2D-2
Use of non-rigid 
connections for 
attaching interior 
non-load bearing 
walls to structure
4 m 4 4 8
Non-rigid connections are 
necessary to avoid partitions 
influencing structural response. 
However, gaps provided for 
this threaten the fire resistance 
integrity and special detailing 
is necessary to close gaps but 
retain ability for independent 
movement. 
2D-3
Gypsum board  
partitions 4 8 m 8 8
Although gypsum board 
partitions can be constructed 
to have a fire resistance rating, 
they can be easily damaged 
during fire operations. Such 
partitions can be more easily 
damaged or penetrated during 
normal building use.
2D-4
Concrete 
masonry units 
(CMUs), hollow 
clay tile around 
exit ways and exit 
stairs
8 m m 8 4 4
May create torsional structural 
response and/or stress 
concentration in earthquakes 
in frame structures unless 
separated and, if unreinforced, 
wall is prone to damage. 
Properly reinforced walls 
preserve evacuation routes in 
case of fire or blast.
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Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
2 Architectural (continued)
2E Other Elements
2E-1
Heavy roof (e.g.,      
slate, tile) 8 m 8 8 8 4
Heavy roofs are undesirable 
in earthquakes; slates and 
tiles may detach. Heavy roofs 
provide good protection from 
fire spread, but can also cause 
collapse of a fire-weakened 
structure. Almost always 
used on steep-sloped roofs; if 
wind-blown debris or a blast 
wave hits them, they become 
flying debris and dangerous to 
people outside the building.
2E-2 Parapet 8 4 m 8 8 4
Properly engineered parapet 
is acceptable for seismic; 
unbraced unreinforced 
masonry (URM) is dangerous. 
May assist in reducing the 
spread of fire.
3 Structural Systems
3-1
Heavy structure: 
reinforced 
concrete (RC) 
masonry, RC 
or masonry 
fireproofing of 
steel
8 4 4 4 4
Increases seismic forces, but 
generally beneficial against 
other hazards.
3-2
Light structure: 
steel/wood 4 8 8 8 8
Decreases seismic forces, but 
generally less effective against 
other hazards. 
3-3
URM exterior 
load bearing 
walls
8 8 8 8 8
3-4
Concrete or 
reinforced CMU 
exterior structural 
walls 
4 4 4 4 4
3-5
Soft/weak first 
story 8 8 4 8 8 8
Very poor earthquake 
performance, and vulnerable 
to blast. Generally undesirable 
for flood and wind. Elevated 
first floor is beneficial for flood 
if well constructed, but should 
not be achieved by a weak 
structure that is vulnerable to 
wind or flood loads.
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Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
3 Structural Systems (continued)
3-6 Indirect load path 8 m 8 8 8
Undesirable for highly stressed 
structures, and fire-weakened 
structure is more prone to 
collapse. Not critical for floods.
3-7
Discontinuities in 
vertical structure 8 m 8 8 8
Undesirable for highly stressed 
structures; causes stress 
concentrations, and fire-
weakened structure is more 
prone to collapse. Not critical 
for floods.
3-8
Seismic 
separation joints 4 m m m 8
Possible path for toxic gases to 
migrate to other floors. 
3-9
Ductile detailing 
and connections/
steel
4 m 4 4 m Provides a tougher structure that is more resistant to collapse.
3-10
Ductile detailing/
RC 4 m 4 4 m
Provides a tougher structure that 
is more resistant to collapse.
3-11
Design for uplift 
(wind) 4 m 4 4 m
Necessary for wind; may assist 
in resisting seismic or blast 
forces.
3-12
Concrete 
masonry units, 
hollow clay tile 
around exit ways 
and exit stairs
8 m m 8 4
May create torsional structural 
response and/or stress 
concentration in earthquakes 
in frame structures unless 
separated, and if unreinforced 
wall is prone to damage. 
Properly reinforced walls 
preserve evacuation routes in 
the event of fire or blast.
4 Building Envelope
4A Wall Cladding
4A-1
Masonry veneer 
on exterior walls 8 8 8 8 m
In earthquakes, material may 
detach and cause injury. In 
winds and attacks, may detach 
and become flying debris 
hazard. Flood forces can 
separate veneer from walls.
4B Glazing
4B-1
Metal/glass 
curtain wall 4 m 8 8 8
Fire can spread upward behind 
the curtain wall if not properly 
fire-stopped. Not blast-resistant 
without special glass and 
detailing. Light weight reduces 
earthquake forces. 
4B-2
Impact-resistant 
glazing m m 4 4 8
Can cause problems during fire 
suppression operations, limiting 
access and smoke ventilation.
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Table 3-3: Multihazard design system interactions
Building System Protection Methods: Reinforcements and Conflicts
System  
ID
Existing Conditions  
or Proposed 
Protection Methods
The Hazards
Earthquake Flood Wind
Security/ 
Blast
Fire Discussion Issues
5 Utilities (No significant impact)
6 Mechanical
6-1
HVAC system 
designed for 
purging in the 
event of fire
m m m 4 4
Can be effective in reducing 
chemical, biological, or 
radiological (CBR) threat if 
it has rapid shut-down and 
efficient dampers, and is 
located in an airtight building.
6-2
Large rooftop-
mounted 
equipment 
8 4 8 8 m
Vulnerable to earthquake and 
wind forces. Raises equipment 
above flood level.
7 Plumbing and Gas (No significant impact)
8 Electrical (No significant impact)
9 Fire Alarm (No significant impact)
10 Communications and Information Technology (IT) (No significant impact)
11 Equipment Operations and Maintenance (O&M) (No significant impact)
12 Security (No significant impact)
12A Perimeter Systems (No significant impact)
12B Interior Security (No significant impact)
12C Security System Documents (No significant impact)
13 Security Master Plan (No significant impact)
SOURCE: FEMA 426, REFERENCE MANUAL TO MITIGATE POTENTIAL TERRORIST ATTACKS AGAINST 
BUILDINGS, 2003
Notes: 
The table refers to typical school structures: steel frame, concrete block or RC walls, wood frame, 
1-2 stories suburban, 2-4 stories urban.
